The Drosophila Dscam1 gene encodes a vast number of cell recognition molecules through alternative splicing. These exhibit isoform-specific homophilic binding and regulate self-avoidance, the tendency of neurites from the same cell to repel one another. Genetic experiments indicate that different cells must express different isoforms. How this is achieved is unknown, as expression of alternative exons in vivo has not been shown. Here, we modified the endogenous Dscam1 locus to generate splicing reporters for all variants of exon 4. We demonstrate that splicing does not occur in a cell-type-specific fashion, that cells sharing the same anatomical location in different individuals express different exon 4 variants, and that the splicing pattern in a given neuron can change over time. We conclude that splicing is probabilistic. This is compatible with a widespread role in neural circuit assembly through self-avoidance and is incompatible with models in which specific isoforms of Dscam1 mediate homophilic recognition between processes of different cells.
INTRODUCTION
Neural circuits are assembled through interactions between neurites, both axons and dendrites, of vast numbers of neurons. This assembly relies upon many different receptors and ligands mediating repulsive and adhesive interactions between neurites. Recent studies have highlighted the importance of repulsive interactions between neurites of the same cell for patterning neural circuits. This process, first described in the leech and termed self-avoidance (Kramer and Stent, 1985) , contributes to circuit assembly in both vertebrates and invertebrates Hughes et al., 2007; Lefebvre et al., 2012; Matthews et al., 2007; Millard et al., 2010; Soba et al., 2007; Wang et al., 2002a) . Self-avoidance relies on neurites acquiring a cell surface identity specific to each neuron, different from other neurons they encounter during development (Schmucker and Chen, 2009; Zipursky and Grueber, 2013; Zipursky and Sanes, 2010) .
Self-avoidance is understood best in Drosophila where a large family of immunoglobulin (Ig)-containing proteins encoded by the Dscam1 locus mediates this process (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007; Wang et al., 2002a; Zhan et al., 2004) . Dscam1 proteins exhibit isoform-specific homophilic binding, both in vitro and in vivo (Wojtowicz et al., 2004 (Wojtowicz et al., , 2007 Wu et al., 2012) . Upon contact between neurites of the same cell, homophilic binding of Dscam1 triggers repulsion (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007; Wu et al., 2012) . The importance of Dscam1 for self-avoidance has been demonstrated in axons, dendrites, and postsynaptic elements at multiple contact synapses Hughes et al., 2007; Matthews et al., 2007; Millard et al., 2010; Soba et al., 2007; Wang et al., 2002a; Zhan et al., 2004) . Genetic studies indicate that thousands of isoforms are necessary for self-avoidance (Hattori et al., 2009) and neurons must express different Dscam1 isoforms from their neighbors for normal patterning (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) . As neurons often encounter the neurites of many different cells, particularly in dense neuropile in the developing central nervous system (CNS), robust mechanisms must exist to ensure that neurons that encounter each other during development express different isoforms.
Dscam1 isoforms are generated through alternative splicing (Schmucker et al., 2000) . Each extracellular domain shares the same overall domain structure, but differs in amino acid sequence in one or more of three variable Ig domains, designated Ig2, Ig3, and Ig7. These are encoded by clusters of alternative exons with 12 variants of exon 4 (encoding half of Ig2), 48 variants of exon 6 (encoding half of Ig3), and 33 variants of exon 9 (encoding Ig7 in its entirety) ( Figure 1A ). Each combination of three variable domains determines the unique binding specificity of each isoform. Indeed, some 18,000 of the 19,008 potential extracellular domains exhibit strong isoform-specific homophilic binding (Wojtowicz et al., 2004 (Wojtowicz et al., , 2007 . The ability of neurites to discriminate between self and nonself depends critically on the pattern of alternative splicing of Dscam1 in each neuron.
Although genetic studies indicate that neurons with overlapping dendrites and axons must express different isoforms, the expression of Dscam1 isoforms in vivo has not been described. Microarray studies on cDNAs prepared by RT-PCR from a small number of single R7 and R3/R4 photoreceptor neurons, isolated by FACS, indicated that a single neuron expresses multiple variants of exon 9 . Although it remains unclear whether photoreceptor neurons require Dscam1 for circuit assembly, using the same molecular approach we later reported a similar mode of expression in a small number of mushroom body (MB) neurons, which require Dscam1 for self-avoidance (Zhan et al., 2004) . These findings indicate that photoreceptor and MB neurons express different combinations of Dscam1 isoforms conferring unique cell identities to them.
It has not been demonstrated how the expression of a unique combination of Dscam1 isoforms in each neuron is determined. Neurons may express Dscam1 isoforms in a highly regulated Figure S1 . or deterministic fashion reflecting their cell type, their unique location (e.g., their dorsoventral or anteroposterior location), developmental history (e.g., their birth date or lineage) or some combination of such developmental determinants. Alternatively, the pattern of isoform expression may not be regulated in a deterministic fashion, but rather may result from lack of regulation. A probabilistic choice of isoforms, in theory, provides a robust and efficient means by which neurons acquire unique identities (Forbes et al., 2011; Hattori et al., 2009) . Furthermore, different strategies may be employed in different systems. Distinguishing between these possibilities has been hampered by the difficulties in assessing the expression of alternative isoforms at the level of identified neurons within the developing nervous system.
Here, we report that Dscam1 splicing is probabilistic through the analysis of alternative exon 4 expression using splicing reporters. Live imaging revealed that the alternative variants spliced in a given cell also change over time. A similar mode of splicing was observed in cells requiring Dscam1 for self-avoidance in axons, dendrites, and postsynaptic elements, and more generally throughout the nervous system. These findings support the notion that the ability of neurites to discriminate between self and nonself relies on a probabilistic mechanism to endow developing neurons with unique cell surface identities. As specific cell types were not found to reproducibly splice the same alternative exon 4, and thus they do not express isoforms (legend continued on next page) with the same binding specificity, it is unlikely that neurons use Dscam1 to specify interactions between different neuronal cell types. Conversely, widespread probabilistic splicing supports a role for Dscam1 diversity in self-recognition throughout the developing nervous system.
RESULTS

Modification of the Endogenous Locus to Detect Expression of Each Alternative Variant of Exon 4
We devised a splicing reporter system to visualize the expression of single alternative variants of exon 4 from the endogenous Dscam1 locus in individual cells in vivo. Reporter constructs were knocked into the endogenous locus by homologous recombination of exons 3-5 with a replaceable cassette, followed by phiC31 recombination-mediated cassette exchange (RMCE) (see Figure S1 , available online; Extended Experimental Procedures). The detection system was designed to monitor expression in fixed preparations and in live animals at different time points and to identify cells expressing different alternative exons by their morphology, coexpression of specific markers, or both. We generated reporters for each of the 12 alternative variants of exon 4. Each variant is referred to as exon 4.X, where X indicates the position of the alternative variant within the cluster from 5 0 to 3 0 (i.e., exon 4.5 is the fifth alternative exon downstream from exon 3). In each reporter, only a single alternative variant was in-frame with a downstream indicator, the transcriptional activator GAL4. The remaining 11 alternative variants all included a frame-shift mutation that rendered the indicator out-of-frame ( Figure 1B ). Thus, GAL4 was expressed only in neurons that spliced the single remaining wild-type alternative variant. These neurons were visualized by expression of either membrane-bound or nuclear GFP under the control of tandemly arranged UAS elements. Positive and negative control alleles were also generated, in which all variants were in frame (Dscam1
) or out of frame (Dscam1
negative-Gal4
). As the reporter knockin mutations inactivate Dscam1, all experiments were done in a heterozygous background. No morphological or developmental defects were observed in this background in any of the systems we analyzed. As expected, positive controls were expressed widely, and only very few weakly stained scattered cells were observed in the negative control. By contrast, each of the 12 single exon reporters was expressed in a salt-and-pepper pattern within the developing nervous system. Here, we describe the expression patterns of all 12 variants of alternative exon 4 in developing MB neurons in the central brain, dendritic arborization (da) neurons in the periphery, and visual system neurons.
MB Neurons Express Each Variant of Alternative Exon 4 at a Characteristic Level and Frequency
A role for Dscam1 in self-avoidance was first described in the MB (Zhan et al., 2004) . MB is a bi-lobed structure in the central brain, with each lobe containing one of two sister branches of intrinsic MB neurons (i.e., Kenyon cells) (Figure 2A ). Each MB contains 2,500 Kenyon cells. These cells send axons within a common nerve called the peduncle. Axons bifurcate at the base of the peduncle, and the branches segregate and extend into separate lobes with high fidelity. In the absence of Dscam1, as assessed in single mutant cells, sister branches often fail to segregate, and instead, the two branches extend within the same lobe. Here, we argued that axons from different neurons express different Dscam1 isoforms, such that at the common branch point branches discriminate between self and nonself. This ''selfrecognition'' would lead to homophilic repulsion and branch segregation Wang et al., 2002a; Zhan et al., 2004) .
We assessed expression of all 12 variants of exon 4 during MB development in pupae. Figure 2C 2 ), consistent with previous data indicating Dscam1 expression in these cells (Zhan et al., 2004) . By contrast, only a couple of weakly stained cells were observed in the negative control (i.e., Dscam1 negative-Gal4 ) (Figures 2B 1 and 2B 2 ). The source of this background expression is not known.
Each of the 12 exon 4 variants was expressed in a subset of cells (Figures 2D-2G ; Figures S2A-S2J ). For a given alternative variant, the expression level and number of cells expressing the variant were qualitatively similar between animals. By contrast, the expression frequency for different alternative variants was different (Figures 2D-2G ; Figures S2A-S2J ). For example, the frequency of exon 4.2 splicing was consistently lower than any other alternative variant we analyzed ( Figures  2E 1 and 2E 2 ). In contrast, exon 4.12 was expressed in many more cells at much higher levels ( Figures 2G 1 and 2G 2 ) . Furthermore, although the frequency of expression of a given variant was similar between animals, there was no obvious similarity in the distribution of cells in different animals. The overall bias in splicing of the alternative variants is consistent with our previous expression data obtained on populations of Kenyon cells isolated by FACS (Zhan et al., 2004) . For example, microarray and cDNA sequencing results both indicated that exons 4.2 and 4.12 represent the two extremes of the frequency spectrum with exon 4.2 expressing the least and exon 4.12 the most. The convergence of these data argues that the splicing trap method accurately reflects splicing in vivo.
Splicing in Single Class IV da Neurons Is Probabilistic
To assess rigorously whether Dscam1 alternative splicing is probabilistic, we analyzed expression in class IV da neurons. The dendrites of these neurons require Dscam1 for self-avoidance. In wild-type, each class IV da neuron forms highly branched dendrites that do not overlap (Grueber et al., 2002) . By contrast, in the absence of Dscam1, these dendrites frequently cross one another, form clumps, and as a consequence, disrupt coverage of the receptive field (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) . Each class IV da neuron can be identified reliably from animal to animal based on its unique position, morphology, and marker expression. There is a dorsal (ddaC), lateral (v'ada), and ventral (vdaB) class IV neuron in each abdominal hemisegment A1 through A7 (Grueber et al., 2002; Han et al., 2012) (Figure 3A) . Thus, this system allows us to score the alternative splicing of exon 4 in 42 different uniquely identified neurons in each animal and to compare expression between these cells and between the same cell in different animals.
We first set out to address whether the choice of alternative exon 4 variant is always the same for a class IV neuron in the same location in different animals. GFP-tagged histone H2A was used to detect the expression of each splicing reporter, and class IV da neurons were identified by the expression of tandem dimer Tomato under the control of a genomic element from the pickpocket locus (Han et al., 2011) (Figures 3B  and 3C ). Each neuron in abdominal segments A1 through A7 was identified, and its nuclear GFP intensity was quantified to determine the expression (i.e., simply ON or OFF). GFP intensity in Dscam1 negative-Gal4 was used to determine the threshold between ON and OFF. Briefly, the histogram was fit to a Gamma probability distribution function to determine a threshold value; 312/314 of the control cells were below this value (for details, see Extended Experimental Procedures). With this threshold, the positive control was expressed in all neurons scored except one (i.e., 1/299), confirming Dscam1 expression at this stage ( Figure 3E ). By contrast, in every animal, only a subset of the 42 class IV da neurons expressed each alternative exon 4 variant (Figures 3F-3I ; Figures S3A-S3G) . Moreover, the set of neurons that spliced a given variant was different between individual animals, and no cell expressed the same variant across all animals, with the exception of three cells that expressed exon 4.2 in all eight animals analyzed (Figures 3F-3J ; Figures S3A-S3G ). Given that exon 4.2 is expressed in 80% of class IV neurons, we would expect on average seven cells to express this alternative exon in all animals by chance. Thus, the splicing choice is not deterministic.
To determine whether the probability of splicing a specific variant is the same for each class IV da neuron (i.e., whether there is a splicing bias for cells in certain locations), we performed statistical simulations. For a given alternative exon 4 variant, the spatial splicing patterns were shuffled to generate a set of randomized patterns. The pairwise Pearson correlation coefficient (PCC) was then calculated for every pair within the set, and the average score was determined. This process was repeated a thousand times to generate a distribution of the average PCC of the randomized sets and fit to a normal distribution ( Figure S4A ). The differences between the distribution of average PCCs from the simulations and the experimental data for each exon 4 variant were not statistically significant (p > 0.025; two-tailed test) (Figures 4 and S4B) .
These data are consistent with the notion that the splicing probability of each exon 4 variant is equivalent among class IV da neurons and that the spatial pattern of splicing within the class of neurons is the result of a random process. Thus, the spatial location of a neuron does not contribute to the splicing choice. In a separate series of experiments, we assessed the splicing of alternative variants of exon 4 in ventral class III (vdaD) and class IV neurons, which share overlapping receptive fields. There was no correlation in splicing with each cell expressing alternative variants independent of the other cell (Figure S3I) . Thus, we conclude that the selection of the specific exon 4 variant to include within a transcript is made probabilistically on a cell-by-cell basis, such that each alternative variant displays varying frequencies of expression (i.e., between 6%-80% for class IV da neurons) ( Figure 3K ).
The Frequency of Inclusion of Exon 4 Variants Is Different between Cell Types
Cell-type-specific differences were observed in the frequency of exon 4 variant splicing in class IV da neurons and in Kenyon cells. Although the likelihood that a given alternative variant was expressed in class IV da neurons was consistent from animal to animal, there were significant differences in the percentage of cells expressing different alternatives ( Figure 3K ; Figure S3H ). This distribution was strikingly different from those observed in the Kenyon cells. For instance, exon 4.2 was expressed in 78% of the class IV da neurons, yet it was only rarely expressed in Kenyon cells (Figures 2E 2 , 3G , and 3K). By contrast, exon 4.1 Figure S3H . *See also Extended Experimental Procedures.
was expressed in only 6% of the class IV da neurons, whereas it was expressed in many more Kenyon cells than exon 4.2 (Figures 2D 2 , 3F, and 3K ). These data demonstrate that the probability of splicing a given alternative exon 4 varies between cell types that require Dscam1 for self-avoidance. This may reflect differences in splicing factors expressed in cells or the level of their expression, as suggested previously by Neves et al. (2004) .
The Splicing Choice of Alternative Exon 4 Variant Changes over Time
We sought to address whether a set of alternatively spliced transcripts is generated early in da neuron development and maintained, or whether different transcripts are expressed at different times. To this end, we analyzed splicing of exon 4 variants in the same set of dorsal class IV da neurons 48 hr apart, imaged in late second and wandering third instar larval stages. Splicing was visualized in reporters for exons 4.6 and 4.10, using GFPtagged histone-H2A. These were chosen arbitrarily among the variants that exhibited intermediate levels of expression. We assessed whether any neuron switched exon 4.6 or 4.10 expression from OFF to ON or ON to OFF during this time window. Dscam1 negative-Gal4 animals were used to determine the threshold between ON and OFF ( Figure 5A ). With the positive control, we confirmed that Dscam1 was expressed in all class IV neurons at these developmental stages ( Figure 5B ). This is consistent with a previous study indicating that these neurons continue to arborize during this time period (Grueber et al., 2003) .
The pattern of exon 4.6 and 4.10 changed over time. Seventyfive neurons were identified that initially lacked exon 4.6 expression, and of these, 11 neurons switched to ON ( Figures 5C, 5E , and 5F). Conversely, 17 neurons were identified that initially expressed exon 4.6, and of these, three neurons switched to OFF ( Figures 5C and 5F ). Thus, one in every six to seven neurons (15%) changed splicing of exon 4.6. OFF to ON changes were also observed with exon 4.10, although less frequently; ON to OFF changes were not statistically significant ( Figures  5D and 5F ). For both exons 4.6 and 4.10, the number of ON to OFF cells may be an underestimate, as GFP tagged H2A and Gal4 proteins could persist well after the reporter mRNA. Based on the analysis of these two variants, we estimate that the splicing of each variant changes in 10% of the cells (i.e., from ON to OFF and from OFF to ON). By extrapolating these data to all 12 alternative variants of exon 4, many class IV da neurons are likely to change the exon 4 variants spliced during this 48 hr period. As the positive control indicates that some variant of exon 4 is expressed in all neurons throughout the imaging period, our results demonstrate that the choice of alternative exon, and thus the isoforms expressed in a cell, can change over time.
The Pattern of Dscam1 Splicing in the Visual System Is Consistent with a Broad Role in Self-Recognition in the CNS In the previous sections, we demonstrated that Dscam1 is spliced in a probabilistic fashion in neurons utilizing Dscam1 for axon and dendritic self-avoidance. In addition to these functions, Dscam1 regulates synaptic organization at tetrad synapses in the visual system through self-avoidance (Millard et al., 2010) . Tetrad synapses are multiple contact synapses between photoreceptor axons and the dendrites of target cells called lamina neurons. Each tetrad contains a single presynaptic release site and an invariant pair of postsynaptic elements, one from an L1 lamina neuron and the other from L2 ( Figures 6A-6A 00 ). Each L1 and L2 neuron contributes postsynaptic elements to multiple tetrads along the same photoreceptor cell axon, and each photoreceptor neuron is presynaptic to only one L1 and to only one L2 neuron. Two additional dendrites from other cells complete the tetrad. Although L1/L1 and L2/L2 pairs are not seen at wild-type tetrads, in the absence of both Dscam1 and Dscam2 (a paralog expressing two isoforms), many L1/L1 and L2/L2 pairs were observed. We argued that L1 and L2 express different isoforms of Dscam1 and Dscam2. This would prevent pairing of postsynaptic elements from the same cell through homophilic repulsion, and, in this way, this mechanism contributes to the appropriate pairing of L1 and L2. We sought to determine whether L1 and L2 express different Dscam1 isoforms, and, if they do, how this is regulated.
Most, if not all, lamina neurons express Dscam1 positive-Gal4 as tetrad synapses are forming within the developing lamina during midpupal development and none expressed Dscam1 negative-Gal4 Statistical test results for exons 4.1, 4.2, 4.9, and 4.12, indicating no significant difference between the average Pearson correlation coefficients of experimental data (red line) and one thousand trials of randomized patterns (shown as histograms in blue) (p > 0.025; two-tailed test). This result was similar for each of the remaining eight variants (see Figure S4 ). Thus, although the frequency of expression of different exons varies, the spatial expression pattern is not biased toward any cell and is random. For methods, see text and Figure S4A .
( Figures 6B and 6C ). These findings are consistent with protein expression studies indicating that Dscam1 proteins are expressed on the dendrites of L1 and L2 neurons during this developmental time period (Millard et al., 2010) . Although the morphologies of L1 and L2 neurons are very similar, these neurons can be distinguished from one another by the selective expression of the transcription factor Seven-up in L1 ( Figure 6A ) (C. Desplan, personal communication). All the individual splicing reporters were expressed in subsets of L1 and L2 neurons scattered throughout the lamina with no apparent pattern ( Figures  6D 1 -6G 1 and Figures S5B 1 -S5I 1 ; yellow arrowheads and arrows). Occasionally, these neurons were in the same cartridge, as one would expect from a probabilistic splicing. Presumably, these differ from one another through the expression of additional alternative versions of exon 4 (as in class IV da neurons (see Discussion)), through differential expression of alternative versions from the two other clusters of alternative exons encoding variable recognition domains, or through both mechanisms. Thus, these data are consistent with the notion that probabilistic splicing provides unique cell identities to L1 and L2 neurons thus preventing inappropriate pairing of postsynaptic elements from the same cell. As multiple contact synapses are common throughout the fly visual system, we sought to assess whether isoform splicing occurs in a probabilistic fashion more generally in different classes of visual system neurons. Each of the 12 exon 4 reporters was expressed in a salt and pepper pattern throughout the visual system during periods of synapse formation (Figures 6D-6G ; Figures S5B-S5I ). Given the repetitive structure of the visual system (e.g., columns in the lamina and medulla where axons of Exon 4.10 
Negative control Figure 5 . Splicing of Exon 4 in Class IV da Neurons Is Dynamic (A-D) Expression of exon 4.6 and 4.10 (and controls) was assessed in the dorsal 14 class IV da neurons of second instar larvae, and the expression in these same cells was determined 48 hr later. Thresholds for expression were determined by fitting a Gamma probability density function to the values from negative control animals (for details, see Extended Experimental Procedures). Neurons whose expression changed between the two time points are indicated with asterisks. Color codes are as in Figure 3 . If the expression in neurons could not be quantified at either of the two stages, they were not included in the analysis and are indicated as gray boxes. Cells are indicated by their positions in each row, and each column represents the cells scored in each animal.
(E) Example of a neuron switching exon 4.6 expression from OFF to ON. White, GFP-tagged H2A driven by exon 4.6 reporter; red dashed circles, locations of nuclei; and blue, class IV-specific marker. Signals were saturated in this panel postacquisition for viewing purposes. Scale bar represents 2 mm. ) are shown. This is only a small subset of the >60 cell types innervating these structures. All neuronal subtypes shown are repeated in the medulla. As such, if specific alternative versions of exon 4 were expressed in each cell of any of these cell types, or others of similar periodicity, highly regular columnar structures and uniform layers would be seen (see Figure S5A ). Such patterns were not observed. Importantly, L1 and L2 require Dscam1 for normal patterning of tetrad synapses via self-avoidance (see text). Each tetrad synapse comprises four postsynaptic elements (one L1, one L2, and two other variable cell types [data not shown]) abutting a presynaptic site on a photoreceptor (A 00 ). L1/L1 or L2/L2 pairs are prevented through self-avoidance. A pair of L1 and L2 makes multiple tetrads along a photoreceptor axon (A 0 ).
(B and C) Expression of the negative and positive controls visualized by V5-tagged membrane bound GFP (white) in the lamina and the medulla. Neuropile structures of the lamina and the medulla were visualized by staining against N-cadherin (dark blue). The negative control does not show any expression in the lamina or the medulla, whereas the positive control shows strong expression in both. In the lamina, repeated columnar structures can be seen with the positive control, and most, if not all, L1 neurons are labeled. L1 nuclei are identified by specific expression of Seven-up (cyan) . Similarly, layers are seen in the medulla, in large part reflecting prominent terminals of lamina monopolar neurons.
(D-G) Expression of splicing reporters for exons 4.1, 4.2, 4.9, and 4.12. Two examples for the lamina and medulla are shown. Both L1 (yellow arrowheads) and L2 neurons (yellow arrows), identified by their morphology and the expression of seven-up in L1, were observed with all the splicing reporters tested, but only a subset of each class of neurons expressed a particular alternative variant. Cell-type-specific expression of exon 4.2 was observed in the proximal satellite glia (magenta arrow), but few neuronal projections expressing exon 4.2 were found. As no phenotype was observed in flies lacking exon 4.2 (data not shown), the significance of the glial expression is not clear. Color code as in (B) and (C). 5 mm z stack projections in the lamina, 10 mm projections in the medulla. Scale bars represent 15 mm, lamina (B 1 -G 1 ); and 30 mm, medulla (B 2 -G 2 ). For other alternative variants, see Figure S5 .
system. Thus, like L1 and L2, it seems likely that the vast majority of visual system cells express alternative variants of exon 4 in a probabilistic fashion. As multiple contact synapses are common throughout the fly visual system, this would be consistent with Dscam1 playing a broad role in regulating their synaptic composition through self-recognition.
DISCUSSION
As differences in Dscam1 expression between neurons is essential for self-avoidance, how isoform expression is regulated is a critical issue in neural circuit assembly in Drosophila. The observation that single photoreceptor neurons express multiple isoforms of Dscam1 and that they express different combinations of them led Chess and coworkers to propose that Dscam1 provided neurons with a unique identity largely through a stochastic process . These findings were published just prior to our report that Dscam1 isoforms exhibit isoform-specific homophilic binding and followed earlier work from Lee and colleagues describing MB neuron branch segregation defects in Dscam1 mutants (Wang et al., 2002a; Wojtowicz et al., 2004 Wojtowicz et al., , 2007 . Together, these three observations, and our findings that MB neurons also express multiple isoforms and different sets of them (Zhan et al., 2004) , led us to propose that sister branches of MB neurons utilize homophilic recognition as a means of discriminating between sister branches and the branches of other neurons. Extensive genetic and biochemical analyses provide a strong case for Dscam1 as a critical determinant of self-avoidance in this and other contexts in the developing fly peripheral and central nervous systems (Hattori et al., 2008; Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) . Ironically, although the nature of Dscam1 expression lies at the heart of self-avoidance, this aspect of Dscam1 biology has remained poorly understood, in large part due to considerable technical challenges. Here, we took a genetic approach to visualize Dscam1 isoform expression. By monitoring exon 4 splicing as a surrogate for isoform expression in neurons, we assessed splicing in vivo broadly throughout the developing nervous system and in specific cell types, assessed splicing in single identified cells between different animals, and followed splicing in the same cell at different times during development. We demonstrated that splicing is probabilistic in class IV da neurons where it is required for dendritic self-avoidance. The patterns of splicing in both the MB and L1/L2 neurons, where Dscam1 is required for axon branch self-avoidance and appropriate pairing at multiple contact synapses, respectively, are also consistent with a probabilistic mode of splicing.
The analysis of exon 4 splicing in class IV da neurons revealed that, on average each neuron expresses multiple exon 4 variants. The sum of the average expression probability of all the alternative variants of exon 4 in the class IV da neurons is 393 ± 38% ( Figure 3K ), arguing the splicing of about four variants in a single neuron. If the splicing mechanism were probabilistic, not only at the level of single neurons but also at the level of each round of mRNA processing, it might be expected that the most abundantly spliced variant (i.e., exon 4.2) would be expressed in all neurons, albeit at varying levels, given enough rounds of transcription. Thus, the scattered splicing pattern within a neuronal population may reflect a splicing mechanism in which the same variant is included in multiple mRNAs whereas others are excluded (e.g., through the assembly of stable splicing complex associated with chromatin). Alternatively, this pattern of expression may result from low copy numbers of total Dscam1 mRNAs in each class IV da neuron.
The expression of multiple isoforms in each neuron is a key to robust self-avoidance. Previous studies using RT-PCR analysis on single MB neurons also indicated that each neuron expresses multiple variants of exon 9 (Zhan et al., 2004) . Monte Carlo simulations and mathematical modeling suggest that expression of multiple isoforms in a neuron through probabilistic splicing can provide a robust mechanism to endow each neuron with a unique cell surface identity (Forbes et al., 2011; Hattori et al., 2009) . Indeed, this robustness is supported by the observation that the differential Dscam1 expression in L1 and L2 neurons arises from probabilistic splicing in these neurons. The large number of isoforms encoded by Dscam1 is likely to be sufficient to offset the reduced diversity caused by biased exon usage. In addition, dynamic splicing further minimizes the risk that neighboring neurons share the same Dscam1 isoforms for an extended period.
Recent studies suggest that a similar mechanism for selfavoidance has evolved in vertebrates. In the mouse retina and cerebellum, self-avoidance is mediated by a large family of isoform-specific homophilic binding proteins encoded by the clustered protocadherin g locus (Lefebvre et al., 2012) . RT-PCR analyses showed that Purkinje cells express different isoforms, and this is consistent with probabilistic expression of multiple protocadherin g isoforms in each neuron (Kaneko et al., 2006) . Here, regulation appears to be at the level of alternative promoter choice rather than alternative splicing (Tasic et al., 2002; Wang et al., 2002b) . Thus, probabilistic expression may have evolved as a common strategy, albeit via different molecular mechanisms, by which neurons acquire unique self-identities.
Although it is clear that Dscam1 plays a prominent role in regulating self-avoidance in multiple contexts, the extraordinary selectivity of homophilic binding and the vast number of different isoforms seems particularly well-suited to mediating recognition between different neurons, for instance between pre-and postsynaptic partners. Indeed, Yamagata and Sanes (2008) have demonstrated that two chick Dscam paralogs (note that these genes do not encode multiple isoforms), each with mutually exclusive binding specificities, are expressed in different pairs of synaptic partners in the inner plexiform layers, a structure analogous to the medulla in the fly visual system. Furthermore, gain and loss of function studies support a role for them in matching synaptic partners. If this were the case for Dscam1 isoforms, we would anticipate reproducible cell-type-specific patterns of expression of exon 4 variants as homophilic binding requires precise matching of all three variable domains (i.e., encoded by variable exons 4, 6, and 9). No reproducible patterns of exon 4 expression were observed in any region of the visual system or elsewhere in the developing postembryonic brain. Thus, celltype-specific expression, if it occurs at all, is rare. Thus, it seems unlikely that Dscam1 isoforms selectively regulate matching synaptic partners. Rather, our data provide compelling evidence that a probabilistic mechanism endows cells with unique individual identities throughout the nervous system and is consistent with a widespread role for Dscam1 diversity in patterning neural circuits by preventing inappropriate interactions between axons, dendrites, and postsynaptic elements of the same cell.
EXPERIMENTAL PROCEDURES
Additional information on the experimental methods used here can be found in the Extended Experimental Procedures.
The strategy used to generate knockins of the splicing reporters is indicated in Figure S1 and is based on ends-out homologous recombination followed by phiC31 recombination-mediated cassette exchange (RMCE) (Bateman et al., 2006; Gong and Golic, 2003 ) (see Extended Experimental Procedures). Transgenic strains used in this study as well as the immunohistochemistry protocol for pupal brains are described in the Extended Experimental Procedures. The immunohistochemistry protocol for da neurons has been described previously by Grueber et al. (2002) . Class IV da neurons were identified using the expression of tandem dimer Tomato (tdTom) expressed specifically in these neurons by sequences from the pickpocket gene (Han et al., 2012) . Nuclear GFP intensity in class IV da neurons was quantified in single confocal planes. Nuclei of class IV da neurons were identified using the exclusion of tdTom signal from the nuclei. Live imaging was done using a custom built 2-photon microscope. The threshold between ON and OFF was determined using the GFP values obtained from nuclei of negative control animals. All images were analyzed using Fiji, and statistics were done in R.
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